In this study, we evaluated suitable selected markers and optimized transformation protocols to develop a new genetic transformation methodology for DHAproducing Crypthecodinium cohnii. Additionally, ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBisCO), potentially involved in CO 2 fixation under autotrophic conditions, was selected as the target for construction of a gene knockdown mutant. Our results show that the constructs were successfully inserted into the C. cohnii chromosome by homologous recombination. Comparative analysis showed that deletion of the RuBisCO gene promoted cell growth and increased the lipid content of C. cohnii under heterotrophic conditions compared with those of the wild-type. The liquid chromatography-mass spectrometry (LC-MS) based metabolomic analysis showed that the metabolites involved in energy metabolism were upregulated, suggesting that the deletion of the RuBisCO gene may contribute to the re-direction of more carbon or energy toward growth and lipid accumulation under heterotrophic conditions.
INTRODUCTION
The interest in the omega-3 family of long-chain polyunsaturated fatty acids (PUFAs) has increased greatly because these compounds exert recognized beneficial effects on human health (Hornstra, 2000; . Among them, docosahexaenoic acid (DHA) is an important structure component of neural and retinal tissues (Agostoni et al., 1995; Weete et al., 1997) . DHA is also a key fatty acid component in breast milk, and is necessary for brain development in infants (Sijtsma and de Swaaf, 2004; Kuratko and Salem, 2013) . DHA is widely used in various infant food products (Barclay et al., 1994) . The inherent defects of traditional sources of DHA, which is extracted from deep-sea fish oil, limits its application in infant foods (Carlson, 1996) . It is therefore necessary to develop alternative sources and technologies for DHA production.
The heterotrophic non-photosynthetic dinoflagellate microalga Crypthecodinium cohnii accumulates lipids with a high fraction of DHA, and is widely used in industrial fermentation for algal oil and DHA production (Harrington and Holz, 1968; Bell and Henderson, 1990; Jiang et al., 1999; Ratledge, 2004) .Under optimized cultivation conditions, C. cohnii accumulates less than 1% of the other type of PUFAs (de Swaaf et al., 1999; ; this shows remarkable advantages for the downstream DHA purification process. Recently, much effort has been placed into improving DHA accumulation in C. cohnii. For example, optimization of the fermentation parameters in fed-bath experiments led to a production of 109 g/L dry biomass, 61 g/L lipid, and a 19 g/L DHA in C. cohnii (de Swaaf et al., 1999 Sijtsma and de Swaaf, 2004) . In addition, chemical triggers such as butylated hydroxyanisol (BHA) (Sui et al., 2014) and ethanolamine (Li et al., 2015) were applied to directly stimulate lipid accumulation in C. cohnii. However, no study thus far has reported on using genetic engineering on DHA-producing C. cohnii. Several studies have successfully applied genetic engineering to improve lipid content in various microalgae (Radakovits et al., 2011; Hamilton et al., 2014; Iwai et al., 2014; Avidan et al., 2015) . Thus, it is necessary to develop relevant methodologies for genetic engineering of C. cohnii with highefficiency production of DHA. Recently, transformation systems have been developed for several other dinoflagellate species, such as Amphidinium and Symbiodinium (Te and Miller, 1998) ; however, no transformation system has yet been established for C. cohnii.
High-efficiency production of target products requires re-balancing of energy and carbon flux in cells (Komatsu et al., 2010) . For example, lipid production is maximized in Yarrowia lipolytica by engineering a cytosolic redox metabolism to increase the supply of NADPH (Qiao et al., 2017) . Limonene production is enhanced by portioning a greater carbon flux to 2-C-methyl-D-erythritol 4-phosphate pathway . C. cohnii can be derived from a photosynthetic ancestor and harbors a reduced plastid (Sanchez-Puerta et al., 2007) . The ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) in non-photosynthetic C. cohnii, cultivated under heterotrophic conditions, is still transcribed (Sanchez-Puerta et al., 2007) . Typically, RuBisCO is an enzyme involved in the first major step of carbon fixation, a process by which atmospheric carbon dioxide is converted to energy-rich molecules such as glucose (Dhingra et al., 2004) . In addition, RuBisCO may act as an oxygenase in photorespiration, and is involved in glycine and serine biosynthesis (Leegood, 2007) . The energy source ATP and reducing equivalent NADPH are consumed in the two aforementioned reactions. To date, the specific roles of RuBisCO in non-photosynthetic C. cohnii are not clearly elucidated. However, with respect to the metabolic economy of a cell, pathways involved in CO 2 fixation and photorespiration may not be essential under heterotrophic conditions. For example, Rhodobacter sphaeroides and Rhodopseudomonas palustris, the RuBisCO gene deletion mutants, can save more energy and reductants under chemoheterotrophic conditions (Laguna et al., 2011) . Therefore, we hypothesized that in C. cohnii, the deletion of these high abundance but nonessential genes, such as RuBisCO, may optimize the carbon flux and redirect the energy flux (ATP and NADPH) that are consumed in the Calvin-Benson-Bassham (CBB) cycle of cell growth and lipid accumulation under heterotrophic conditions. To engineer C. cohnii for high-efficiency lipid and DHA production, we first developed a genetic transformation system for C. cohnii, and then applied for the construction of a RuBisCO-deleted strain. Our results show that deletion of the RuBisCO gene promoted cell growth and increased lipid content of C. cohnii under heterotrophic growth conditions compared with those of the wild-type. To explore the possible mechanism, a liquid chromatography-mass spectrometry (LC-MS) based metabolomics analysis was used to compare a RuBisCO-deleted and wild-type C. cohnii; this analysis provided new insights into the metabolic changes associated with increased growth and lipid accumulation in C. cohnii. The obtained information will be useful for engineering high-efficiency lipid and DHA-producing strains in the future.
MATERIALS AND METHODS

Algae Strains and Cultivation
Crypthecodinium cohnii ATCC 30556 was obtained from American Type Culture Collection (ATCC) and cultivated in a basal medium according to Sui et al. (2014) . The seed cultures were cultivated in 50 mL of basal medium (pH 6.5) containing 9.0 g/L glucose, 2.0 g/L yeast extract (OXOID, Basingstoke, United Kingdom), and 25.0 g/L sea salt (Sigma-Aldrich, St. Louis, MO, United States), in 250-mL Erlenmeyer flasks at 25 • C, shaken at 180 rpm.
Preparation of C. cohnii Competent Cells
Crypthecodinium cohnii cells (10 mL) in exponential phase were harvested by centrifugation at 3500 rpm (Eppendorf 5430R, Hamburg, Germany) at 4 • C for 5 min. The collected cells were re-suspended in 1 mL of 25 mM DTT and pretreated at 30 • C for 15 min. After the pretreatment, cells were harvested again by centrifugation at 3500 rpm (Eppendorf 5430R, Hamburg, Germany) at 4 • C for 5 min, and washed three times with 10 mL of 1 M sorbitol. Finally, cells were re-suspended in 1 mL of 1 M sorbitol.
Electroporation With FITC-Dextran as Fluorescence Marker
The final mixture of competent cells (200 µL), 1 µL sperm DNA (100 mg/mL), and 1 µg FITC-Dextran (70 kDa) were transferred into a pre-chilled 2 mm gap electroporation cuvette (Bio-Rad, Hercules, CA, United States), ice bathed for 5 min, after which different electric fields were applied via electroporation system (Gene Pulser Xcell; Bio-Rad, Hercules, CA, United States). After the electric shock was applied, the cells in the cuvette were washed twice with basal medium, re-suspended in 2 mL basal medium, and treated with 1 mg/mL trypsin at 37 • C for 15 min (Richard et al., 2003) .
Analysis of Viability and Fluorescence
Fluorescence intensity in the transformed cells was measured by a spectrophotometer (F-2700EL, HITACHI, Chiyoda, Japan).
The excitation wavelength for FITC-Dextran was 490 nm; the highest peak at the emission wavelength for FITCDextran (520 nm) was used to calculate the transformation efficiency. The transformed cells were also observed under a fluorescence microscope (OLYMPUS, BX43, Shinjuku, Japan).
Antibiotics Sensitivity Assessment of C. cohnii
Crypthecodinium cohnii cells (50 µL) of the exponential phase were selected on plates containing different concentrations of hygromycin (10-50 mg/L) or bleomycin (10-200 mg/L), and cultivated at 25 • C for up to 2 weeks.
Constructs Used for Transformation
Phusion high-fidelity DNA polymerase (Thermo-Fisher, Waltham, MA, United States) was used in the PCR reactions. A fusion PCR-based method was employed for the construction of gene knockout fragments (Wang et al., 2002) . For the target genes selected, three sets of primers were designed to amplify a linear DNA fragment containing the hygromycin or bleomycin resistance gene with two flanking arms of DNA upstream and downstream of the targeted gene. The linear fused PCR amplicon was used directly for transformation into C. cohnii by electroporation. Hygromycin and bleomycin resistance genes were amplified from pCAMBIA1301 (Hajdukiewicz et al., 1994) and pSP124s (Lumbreras et al., 1998) , respectively. PCR primers used for mutant construction are listed in Supplementary Table S1 .
Transformation of C. cohnii
A 200-µL mixture of competent cells (prepared as mentioned in section "Electroporation With FITC-Dextran as Fluorescence Marker"), 1 µL sperm DNA (100 mg/mL), and 1∼2 µg DNA fragment were transferred into a 2-mm pre-chilled electroporation cuvette and ice bathed for 5 min. Gene Pulser Xcell (Bio-Rad, Hercules, CA, United States) was used for electroporation, and the electroporator was adjusted to 2000 V field strength and 50 µF capacitance. After electroporation, the cells were recovered in 2 mL of basal medium, and cultivated for 48 h at 25 • C while shaking at 180 rpm. Then, 50 µL of cell suspension were selected on basal medium plates containing antibiotics of suitable concentration, as described in section "Antibiotics Sensitivity Assessment of C. cohnii."
Mutant Screening and Analysis
Hygromycin or bleomycin-resistant transformants on the plates were streaked onto fresh basal medium plates supplemented with hygromycin or bleomycin, and passaged several times. Mutants were confirmed by PCR and sequencing analysis. TIANamp Bacterial DNA Kit (TianGen, Beijing, China) was used to extract chromosomal DNA of wild-type and mutant C. cohnii. PCR primers used for validating mutants are listed in Supplementary  Table S1 .
Comparative Growth Analysis and LC-MS Targeted Metabolomics
Cell density of wild-type and mutant C. cohnii was determined by a UV-1750 spectrophotometer (Shimadzu, Kyoto, Japan) at OD 490 . For LC-MS metabolomic analysis, all reagents, including standard metabolites, were obtained from Sigma-Aldrich (SigmaAldrich, St. Louis, MO, United States). Cells were harvested by centrifugation at 8000 × g for 8 min at 25 • C (Eppendorf 5430R, Hamburg, Germany). Metabolite extraction and LC-MS analysis were performed according to a previously published protocol (Li et al., 2015) . Metabolomic data were normalized by interior control and cell number, and then submitted to principal component analysis (PCA) using SIMCA-P 11.5.
Semi-quantitative and Quantitative RT-PCR Analyses
(i) Semi-quantitative RT-PCR analysis: total RNA was extracted from cells with Trizol reagent (Invitrogen, Camarillo, CA, United States) according to the manufacturer's instructions. RT-PCR was conducted using cDNAs generated from 1 µg of total RNA with a RevertAid First Strand cDNA Synthesis Kit (ThermoFisher, Waltham, MA, United States). The RT-PCR exponential phase was determined using 22-30 cycles, to allow for semiquantitative comparisons of cDNA developed using identical reactions with Taq polymerase (Tiangen, Beijing, China); the method is described in Song et al. (2016) . The housekeeping gene 18S rDNA (GenBank accession no. FJ821501.1) of C. cohnii was used as internal reference.
(ii) Quantitative RT-PCR analysis was conducted according to the method described previously (Song et al., 2016) . Briefly, a StepOne Plus Real-Time PCR (Applied Biosystems, Foster City, CA, United States) was used to conduct the analysis. Cell pellets were re-suspended in Trizol reagent (Invitrogen, Camarillo, CA, United States) and mixed thoroughly by vortexing. Total RNA extraction was achieved using a miRNeasy Mini Kit (Qiagen, Valencia, CA, United States). Contaminating DNA in RNA samples was removed with DNase I according to instructions in the miRNeasy Mini Manual (Qiagen, Valencia, CA, United States). The RNA quality and quantity were determined using NanoDrop 2000 (Thermo-Fisher, Waltham, MA, United States) and subjected to cDNA synthesis. Then, 2 − C T was used to estimate the relative abundance of different mRNA molecules: the higher the C T value, the less abundant is the corresponding mRNA (Livak and Schmittgen, 2001 ).
Enzyme Activity Assay and Western Blotting
RuBisCO enzyme activity was determined using the 14 C isotopebased method described by Lorimer et al. (1977) . Afterward, protein extraction was conducted according to Lilley et al. (2010) . The assay was performed in a 460-µL final volume containing 50 mM Tris (adjusted to pH 8.1 with HCl at 20 • C), 10 mM EDTA, 20 mM MgCl 2 , 10 mM NaH 14 CO 3 (Sigma-Aldrich, St. Louis, MO, United States), and 20 µL crude extracts. The reaction was started by adding 20 µL of 10 mM RuBP (Sigma-Aldrich, St. Louis, MO, United States). The reaction was stopped after 1 min by adding 200 µL of 2 M HCl. The contents of the vial were quantitatively transferred to a scintillation vial, dried, and quantified per a previously described protocol (Sudhani et al., 2015) .
For western blotting assay, total protein extraction was conducted according to Lilley et al. (2010) . Then, 10 µl of loading buffer (Tiangen, Beijing, China) was added to 20 µl of crude extracts, and the mixture was heated for 10 min at 100 • C. The samples were loaded onto a precast polyacrylamide gel. After SDS-PAGE, the separated proteins were electroblotted onto a polyvinylidene fluoride (PVDF) membrane and probed with an affinity-purified antibody against the large subunit of RuBisCO (AS03 037, Agrisera, Vännäs, Sweden). After incubating with a secondary antibody [horseradish peroxidase-conjugated goat anti-rabbit IgG; AS 09602, Agrisera, Vännäs, Sweden], ECL Prime (GE, Amersham, United Kingdom) was used for detection. The detection analysis was conducted using a CCD camera according to the manufacture's instructions.
Lipid Extraction and Analysis
Crypthecodinium cohnii cells were cultivated in basal medium with 21 g/L glucose, harvested at 84 h by centrifugation (3500 × g) (Eppendorf 5430R, Hamburg, Germany), and freezedried to generate a lyophilized algal powder. Lipid extraction and analysis were conducted based on the method described by Li et al. (2015) .
Statistical Analysis
All experiments were conducted with at least three biological replicates to ensure reproducibility. Statistical analyses were performed using a one-way analysis of variance (ANOVA) with subsequent post hoc multiple-comparison LSD tests, which were calculated using SPSS Statistics software. Statistically significant values were defined as P < 0.05.
RESULTS AND DISCUSSION
Establishing a Transformation Protocol
Crypthecodinium cohnii, a heterotrophic dinoflagellate alga, is an important microalgal species for industrial fermentation of algal oil and DHA production. However, because of the lack of genetic transformation systems, no genetic engineering work has been conducted on this valuable species. This has restricted the efforts in strain improvement and deciphering the mechanism of DHA accumulation in C. cohnii. Macromolecules are successfully transferred into protoplasts or spheroplasts of C. cohnii by liposomal-mediated transformation (Kwok et al., 2007) . However, preparation of protoplasts or spheroplasts can be challenging and time consuming. Electroporation is a powerful method for genetic engineering of microalgae (Sun et al., 2005; Weeks, 2011) . To establish an efficient transformation system for C. cohnii, we first selected the macromolecule FITC-Dextran (70 kDa) as a fluorescent marker to evaluate the electroporation parameters for C. cohnii. As shown in Figure 1A , the fluorescence values of the transformed cells (1.6 kV, 200 , 50 µF) were slightly increased when compared with those of the control cells, suggesting that the macromolecule FITC-Dextran was delivered into C. cohnii cells by electroporation. The results of examination via fluorescence microscopy ( Figure 1B) confirmed that the increase of fluorescence values was due to the delivery of FITC-Dextran into C. cohnii cells. To improve transformation efficiency, we further optimized the electroporation parameters by applying voltages ranging from 1.6 to 2.4 kV, because higher electric shocks can lead to more uptake of extracellular molecules by the cells (Jeon et al., 2013) . When voltage was adjusted to 2.0 kV, we observed the maximum intensity of fluorescence; however, further increase of voltage to 2.2 or 2.4 kV led to a decrease of fluorescence intensity in the cells ( Figure 1A) . According to our optimization analysis using FITC-Dextran, an electroporation protocol with parameters of 2.0 kV, 200 , and 50 µF was determined for the next procedure using C. cohnii cells.
Transformation of C. cohnii
In order to determine whether DNA constructs could also be transferred and integrated by homologous recombination (HR) into C. cohnii chromosomal DNA, we selected gene encoding 18S rDNA as a suitable site for HR (Cheng et al., 2010; Yan et al., 2013) . 18S rDNA exists in multiple copies in the chromosomes and is located at transcriptionally active regions in organisms. This renders 18S rDNA more suitable for integration of foreign DNA than other sites. In addition, insertion inactivation of at least some copies of 18S rDNA is not lethal (Pisabarro et al., 1998) . However, it is necessary to identify appropriate selectable makers for transformation. As shown in Supplementary Figure S1 , when the concentrations of hygromycin and bleomycin were increased to 40 mg/L and 200 mg/L, respectively, no growth was observed on the plates containing the antibiotics; this suggests that 40 mg/L hygromycin and 200 mg/L bleomycin can be suitable concentrations used for selection, respectively. The transformation construct C1 carried the hygR resistant gene, which conferred resistance to hygromycin as a selection marker (Supplementary Figure S2A) . For transformation, 2 µg of construct C1 DNA was used, which gave three possible positive clones (i.e., strain 3, 5, 7). After streaking the clones onto fresh basal medium in a plate containing 40 mg/L hygromycin, growth was observed only for strain 5 (Figure 2A) . To further validate whether the selected marker gene hygR was successfully integrated into the genome, we conducted PCR with primer sets (P-F and Hyg-R2) to detect the hygR selected marker gene using chromosomal DNA as template ( Figure 2B ). The amplicon was purified, sequenced, and confirmed. The results demonstrated the integration of hygR gene into the C. cohnii genome (data not shown), suggesting a successful establishment of the C. cohnii transformation protocol. The detailed transformation protocol is provided in Supplementary Figure S3 .
Construction of RuBisCO-Deletion Mutants
The RuBisCO gene in non-photosynthetic C. cohnii, cultivated under heterotrophic conditions, is still transcribed (SanchezPuerta et al., 2007) . Because the reactions involving RuBisCO consume energy and reducing equivalents (Dhingra et al., 2004; Leegood, 2007) , we next aimed to redirect energy and reducing equivalents toward cell growth and lipid biosynthesis; for this, we constructed the RuBisCO-deleted mutants using the abovementioned transformation protocol for C. cohnii. Until now, the information about the structure and sequence of C. cohnii RuBisCO gene was lacking. However, studies on the dinoflagellate Prorocentrum minimum showed that over 10 transcribed units of the RuBisCO gene are present in the genome, and each transcribed unit contains four tandem copies of the the genome of strain 5 was used as the genomic PCR template. The primers used for the 18s gene were 18s-F1 and 18s-R; the primers used for the hyg gene were P-F and Hyg-R2.
RuBisCO coding region (1.46 kb each) interspersed by a 63-bp spacer. It was also estimated by real-time PCR analysis that each P. minimum genome harbors 148 ± 16 coding regions (Zhang and Lin, 2003) . The sequence analysis of the coding regions revealed that the nucleotide sequences vary by approximately 1.0-9.0% among the coding regions; however, their inferred amino acid sequences are essentially identical (Zhang and Lin, 2003) . Accordingly, we hypothesized that extensive gene duplication may also exist for the RuBisCO gene in C. cohnii. The RuBisCO gene has been found in the C. cohnii nuclear genome; this gene shares an evolutionary history with form II RuBisCO genes from peridinin-containing dinoflagellates (Sanchez-Puerta et al., 2007) . Based on the sequence of the RuBisCO gene of C. cohnii (GenBank accession no. EB086308.1), we designed PCR primers (Ru-F and Ru-R) for amplification of RuBisCO gene fragments using both C. cohnii cDNA and genomic DNA as template, respectively. Two clear fragments of different sizes, designated as Ru-C and Ru-G, respectively, were obtained by PCR (Supplementary Figure S4) . Sequencing and blast analysis showed that the Ru-C fragment matched to the reported C. cohnii RuBisCO gene, while the Ru-G fragment showed no significant similarity (data not shown). While we cannot rule out the possibility that Ru-G was from a different copy of the RuBisCO gene, we performed a phylogenetic analysis of this fragment with several known algal RuBisCO genes, including those from Prorocentrum minimum, Karenia mikimotoi, and Symbiodinium sp. The results showed that both Ru-C and Ru-G were clustered with other RuBisCO genes, suggesting that both could be putative RuBisCO genes in C. cohnii (Supplementary Figure S5) . Obvious similarity was also observed when the DNA sequence of Ru-G was aligned against other RuBisCO genes from dinoflagellates and prokaryotes (Supplementary Figure S6) . We first targeted the Ru-C fragment for the construction of a single-deletion mutant (construct see Supplementary Figure S2B ). Three positive deletion clones (M-1, M-6, and M-7) were confirmed by growth patterns on plates with antibiotics ( Figure 3A, top panel) and PCR analysis using a primer set of P-F and Hyg-R2 ( Figure 3A , bottom panel). Using single-deletion mutants, we then targeted the Ru-G fragment for constructing double-deletion mutants (construct see Supplementary Figure S2C ). The double-deletion mutants of both Ru-C and Ru-G were obtained and confirmed by double resistances and PCR analysis using a primer set of Ble-F3 and Ble-R2 ( Figure 3B ). In addition, to validate whether the resistance gene was successfully integrated into the genome, a PCR analysis with primers specific to RuBisCO gene and resistance gene yielded the expected amplification products in each of the mutants (i.e., primer sets of Hyg-F3 and Ru-R1, and Ble-F3 and Ru-R2, respectively) (Supplementary Figure S7) . To further confirm the knockout of these two RuBisCO genes in C. cohnii, we also performed a RT-PCR analysis of the expression levels of the RuBisCO gene, 14 C isotope-based enzymatic assay of RuBisCO activity, and western blotting analysis of the abundance of the RuBisCO protein in both WT and mutant cells. The semiquantitative RT-PCR results showed that RuBisCO gene RNA expression was clearly decreased in the mutants (Figure 4A) , and the RuBisCO enzymatic activity assay showed an approximately 30% decrease of the activity in all mutant cells (Figure 4B) . These results suggest that the RuBisCO gene was transcribed and translated in C. cohnii under heterotrophic growth conditions, and the RuBisCO protein retained the specific carboxylation activity. In addition, the abundance of the RuBisCO protein was also clearly decreased in both single-and double-deletion mutants, as shown by western blotting (Figure 4C) . Altogether, these data demonstrate that the knockdown of RuBisCO gene was evidenced in C. cohnii.
We found that the RuBisCO gene cannot be fully deleted. Two possible explanations are as follows. Copies of the RuBisCO gene are abundant in dinoflagellates (Zhang and Lin, 2003; Shi et al., 2013) ; currently, we were not able to delete all the RuBisCO genes due to the lack of the whole-genome sequence of C. cohnii. The mutants constructed were thus only knockdown mutants of the overall expression level of the RuBisCO genes in C. cohnii. It is also possible that RuBisCO is an essential gene at heterotrophic conditions; this notion is supported by the fact that the RuBisCO gene is transcribed and translated in C. cohnii under heterotrophic condition (Sanchez-Puerta et al., 2007) . In Ralstonia eutropha H16, two RuBisCO genes in the CBB cycle are actually functional in CO 2 fixation under heterotrophic conditions (Shimizu et al., 2013) . Moreover, in Rhodobacter sphaeroides and Rhodopseudomonas palustris, the RuBisCO deletion mutants were lethal under malate-dependent photoheterotrophic conditions. This indicates the essential role of the CBB cycle in maintaining the redox balance in cells for efficient use of the carbon source (Laguna et al., 2011) . Taken together, these results suggest that the RuBisCO gene may be essential for growth. In addition, RuBisCO can also function as an oxygenase involved in other metabolic activities such as glycine and serine biosynthesis (Wolfe and dePamphilis, 1998; Sekiguchi et al., 2002) . Although the activity of RuBisCO enzyme was decreased in both single-and double-deletion mutants, no significant decrease was observed in the double-deletion mutants when compared with the single-deletion mutants. This may be due to differential regulation, or roles, of the different RuBisCO genes under various growth conditions. For example, expression of a gene encoding a truncated large subunit of RuBisCO is salt-inducible in rice (Zhang et al., 1995) , and an organ-specific expressed subunit of RuBisCO can alter the catalytic properties of the RuBisCO holoenzyme in rice (Morita et al., 2014) .
Comparative Growth and Lipid Content Analysis
To demonstrate that the knockout of the RuBisCO gene was metabolically advantageous to C. cohnii cells, we conducted a comparative growth analysis of the RuBisCO mutants and wild-type; this analysis was performed on basal media with a glucose concentration ranging from 9 to 27 g/L. As shown in Figure 5 , the deletion of the RuBisCO gene in C. cohnii resulted in enhanced cellular growth. Growth increase was more significant at a high glucose concentration of 21 g/L than at the basal concentration of 9 g/L. However, when glucose concentration reached 27 g/L, enhancement of growth in the mutants became less significant ( Figure 5D ). Under this condition, although the growth of the mutants was slightly slow at early exponential phase, it caught up and reached higher levels at the stationary phase ( Figure 5C ). Growth increases in the RuBisCO-deleted C. cohnii were also confirmed by statistical analysis with p-values less than 0.05; the results showed that at the late growth phase (i.e., stationary phase), the accumulated growth differences were more significant at all the tested concentrations of glucose. We also examined lipid accumulation in the wildtype and in RuBisCO-deleted mutants during the late growth phase, when the most significant increase in cell growth was observed ( Figure 5C ). Cells were harvested at 84 h and extracted for total lipids. We observed a significant increase in lipid accumulation, with an average improvement of approximately 10.6% (Figure 6 ).
Targeted Metabolomic Analysis
We next explored the possible molecular mechanisms contributing to the enhanced growth and lipid accumulation in RuBisCO-deleted mutants. For this, we used LC-MS-based targeted metabolomics to quantify the time-series changes of 24 selected metabolites related to central carbohydrate and energy metabolism in C. cohnii cells. Using the optimized protocol described previously (Sui et al., 2014; Li et al., 2015) , we achieved reproducible analysis of 24 selected intracellular metabolites for C. cohnii. For the metabolomic analysis, two single-deletion and two double-deletion RuBisCO mutants, and wild-type C. cohnii, were selected and cultivated for 4 days in a medium with 21 g/L glucose. Cell samples were collected at 48 and 84 h, which corresponds to exponential and stationary growth phases, respectively. The time-series changes in targeted metabolites were determined using the LC-MS approach (raw metabolomic data are provided in Supplementary Table S2 ). For each sample, three biological replicates were prepared and collected separately, and each of the biological replicates was analyzed twice by LC-MS.
The quality of the LC-MS metabolomics analysis was confirmed by a principal component analysis (PCA) (Supplementary Figure S8) . Moreover, mutant cells were at the farthest distance from the controls at 84 h, as shown in Supplementary Figure S8B ; this indicates the most significant metabolic changes in cells at this time point, consistent with their growth patterns ( Figure 5C ). To better interpret the qualitative information of the results, we generated heatmaps of the two time points using MultiExperiment Viewer software. Similar methodology has been successfully applied to analyze transcriptomic data previously (Putri et al., 2013) , in which the ratio between the abundance of the metabolite under a given condition, and the average abundance of the metabolite in all samples, was calculated for each metabolite. The analysis showed that at 48 h, changes in the metabolites were detectable for single-deletion mutants. However, the fold changes were relatively small. The changes were not obvious for the double-deletion mutants, which was consistent with their growth patterns. At 48 h, most of the detected metabolites were downregulated, except for ADP-Glucose, G6P, ATP, ADP, CoA, NADH, and AMP in the RuBisCO singledeletion mutants. Nearly all metabolites were downregulated in the double-deletion mutants compared with the wild-type (Figure 7A) . At 84 h when the most significant differential growth was recorded ( Figure 5C ), we observed upregulation of most metabolites in both single-and double-deletion mutants; these metabolites included F6P, NADP, NADPH, UDP-Glucose, Ac-CoA, ADP, ATP, RiBP, DHAP, GAP, and Glu ( Figure 7B) . Thus, we hypothesized that deletion of the RuBisCO gene in the CBB cycle may disrupt the redox balance in the plastid, thereby enhancing the central carbohydrate and energy metabolism to improve cell growth and lipid accumulation.
These results showed an upregulation of NADH and downregulation of NAD, which increased the ratio of NADH/NAD at 48 h in the single-deletion mutant (Figure 7A) . The high ratio of NADH/NAD provides a reducing environment, beneficial to cell growth (Schwartz et al., 1974) . However, at 84 h, the ratio of NADH/NAD in the wild-type and mutants had barely changed, and the content of Ac-CoA, ATP, and NADPH were improved; this indicates that multiple mechanisms may be involved at different growth phases. For example, the metabolite Ac-CoA can induce cell growth and proliferation by promoting the acetylation of histones at growth genes (Cai et al., 2011) . Increasing the content of intracellular NADPH by improving the activity of glucose-6-phosphate dehydrogenase also stimulates cell growth (Stanton, 2012) . In addition, AKG can behave as an inhibitor of malic enzyme, which is considered a key pathway for the generation of NADPH (Gupta et al., 2013) . Therefore, the decreased levels of AKG in the mutants may result in reduced inhibition of the generation of NADPH. The downregulation of AKG was consistent with the results of previous studies (Ratledge, 2002; Sui et al., 2014) , showing that a decrease in AKG releases inhibition of NADPH biosynthesis, leading to increased fatty acid biosynthesis (Ratledge, 2002) . Moreover, the energy currency ATP was upregulated, which is beneficial for efficient transcription and protein synthesis (Gaal et al., 1997) . This is consistent with a study on Escherichia coli, showing that intracellular ATP concentration was found to increase proportionally with the growth rate (Schneider and Gourse, 2004) . Moreover, when cells enter the phase in which they accumulate lipids, the pentose phosphate pathway (PPP) is downregulated (Sui et al., 2014; Wase et al., 2014; Li et al., 2015) ; our analysis consistently showed that R5P was downregulated.
Because our metabolomics analysis indicated the upregulated energy metabolism as one of the possible reasons for enhanced growth in the RuBisCO-deleted mutants, we next validated these results using quantitative RT-PCR. For this, we compared the expression levels of two selected genes, ATP synthase and ribosome coding genes, in wild-type and mutant cells. We hypothesized that if cells can retain a high growth rate, the expression level of ATP synthase and ribosomes must be increased to maintain a high-level supply of ATP and proteins. The results show that both genes were significantly upregulated in the mutants (Supplementary Figure S9) ; this is consistent with enhanced energy metabolism, as shown by the metabolomics analysis. In the CBB cycle, one molecular CO 2 fixation consumes 3 molecular ATPs and 2 molecular NADPH (Alric et al., 2010) . If the RuBisCO gene is deleted, more ATP and NADPH is saved (Laguna et al., 2011) . These results support our hypothesis that the deletion or knockdown of the highly abundant, but unnecessary gene, RuBisCO in the CBB cycle may disrupt the redox balance in the plastid. This is beneficial for redirecting the carbon and energy to cell growth and lipid accumulation under conditions of heterotrophic growth. However, the molecular mechanism of how redox unbalancing in the RuBisCO-deleted mutant enhances the central carbohydrate and energy metabolism needs to be further elucidated. -1) , Ru-G (C. cohnii-2), and RuBisCO. This phylogenetic analysis was based on nucleotide sequences, and Clustal X and MEGA4 were utilized to produce the phylogenetic tree. 
